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Acid sulfate soils (ASS) are one of the stressor factors that cause many mangrove restoration 
projects to fail. Achieving successful rehabilitation in an ASS affected area requires an 
understanding of the geochemical conditions that influence the establishment and growth of 
mangrove seedlings. This study evaluated the effect of tidal inundation on geochemical 
conditions on sub layer to better understand their impacts on the density, establishment, and 
growth of mangrove seedlings. This study  also examined the geochemical conditions under 
which mangrove seedlings can establish naturally, and/or be replanted in abandoned 
aquaculture ponds. 
The study area was in an area of abandoned aquaculture ponds situated in the Mare District, 
adjacent to Bone Bay, South Sulawesi, Indonesia.The pH, pHfox, redox potential, organic 
content, water soluble sulfate, SKCl, SPOS, and grain size of the soil from the sediment core at + 
10 - 15 cm depth near roots were measured using.  Pyrite analysis were conducted for the top 
and sub sediments. The density, establishment, and the relative root growth of Rhizophoraceae 
were also determined. 
Free tidal inundation at abandoned pond sites improved the sediment quality. The high density, 
establishment, and growth of mangrove seedlings were characterized by freely drained areas 
with a higher pH (field and oxidisable), lower organic content, and high proportion of silt/clay. 
Higher density and growth also correlated to reduced environments. Sulfur species did not 
influence the density, establishment, and growth of the seedlings directly. The supply of 
propagules from the mangrove stands, or access from good waterways were also important for 
seedlings to establish naturally. 
Keywords: acid sulfate soils, establishment, geochemical, mangrove seedlings, tidal 
inundation 
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 1. Introduction 
The destruction of mangroves ecosystems for aquaculture ponds has impacted negatively on the 
ponds due to disturbance of acid sulfate soils (ASS) causing poor water quality, fish disease, and 
fish mortality. This condition has been recorded in many places, but particularly in areas of 
Southeast Asia [1]  such as Indonesia, Vietnam, and in Costa Rica. Since this condition makes 
aquaculture unsuitable and the remediation techniques are costly, most ASS affected ponds have 
been abandoned.  Therefore, restoring mangoves to regain their mangrove function is very 
important. 
 
Many experts claimed that ASS is one stressor factor that results in the failure of some mangrove 
restoration projects. Additionally, there is some evidence that mangrove seedlings have been 
affected in some abandoned ponds (e.g. in Tiwoho, North Sulawesi, Indonesia) [2]. Here, natural 
revegetation has occurred in abandoned ponds that have had their dikes breached, highlighting the 
role of suitable hydrology in mangrove restoration [2]. 
 
Suitable physical conditions are necessary for seedlings to become established [3], where hydrology 
has become the focus of attention for mangrove restoration projects as it plays a significant role in 
self-repair, or secondary succession [4]. 
 
Despite widespread knowledge on the role of hydrology in mangrove restoration, the nature of 
geochemistry in ASS areas that may be affected by hydrological factors remains poor. Tidal 
inundation influences many physical and geochemical factors, and this condition is made even more 
complex by the oxidation of pyrite that involves a number of redox reactions and microbial 
activities [5]. Therefore, knowledge on geochemistry in ASS areas is important because it 
influences the establishment of mangrove seedlings. 
 
This study evaluated the effect of tidal inundation on some physical and geochemical variables on 
sub sediments to better understand their impacts on aspects of mangrove biology. This study also 
examined the geochemical conditions required for succesful establishment of mangrove seedlings 
either naturally, and/or replanted, in abandoned aquaculture ponds, as well as the relationships 
between those conditions and the growth of the mangrove seedlings.  
 
2. The description of study area, procedure and analysis  
2.1. Description of study area  
The field study was conducted from July to December 2011 (rainy season) in six environments in 
an abandoned pond complex, and in one control area in Mare (04o51’S, 120o18’E), district of Bone, 
province of South Sulawesi Selatan, Indonesia.  The ponds complex area was about 70 ha and was 
previously a mangrove forest that was cleared for extensive shrimp ponds.  
2.2. Procedure 
Six replicates of 15 cm sediment cores were collected around mangrove seedlings at each site.  A 
seedling was defined as being no more than one meter high, with no branches.  Density and survival 
rates of plants were estimated by counting, marking and measuring all individuals in six 1m x 1m 
plots randomly placed at each site. Plots were revisited at the end of the three month period trial, 
and the same data collected. The plant height measured was the above ground height. The relative 
growth rate (RGR) of the seedlings was determined based on the height [6]. 
 
Mangrove seedlings and sediments of sub layer sediments (10-15cm) were analyzed for several 
variables, i.e. peroxide oxidisable pH (pHfox), redox potential (Eh) using probemeter. The analyses 
of total peroxide oxidisable sulfur (SPOS) were obtained by subtracting the peroxide sulfur (SP) with 
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 KCl-extractable sulfur (SKCl) [7]. The water-soluble sulfate (SO42-) levels were analyzed using the 
turbidimetry method and measured by a spectrophotometer. Determination of the pyrite percentage 
was measured through Titratable Sulfidic Acidity (TSA) analysis [8]. The concentration of organic 
content was determined using the Loss on Ignition (LOI) method. The analysis of grain size of the 
sediment was done using classical wet sieve analysis. 
 
 
2.3. Statistical analysis 
The Kruskal Wallis analysis was used to examine the difference between density and growth values 
in the study area. Principle Component Analysis (PCA) was employed to identify biogeochemical 
trends. Standardised regression was used to examine the relationship between the density, growth 
and other physical and geochemical variables. The Pearson rank correlation was employed to 
identify the correlation between the biological variables and physico geochemical variables.  
 
 
3. Results and Discussion 
In general, the sediments environments in abandoned ponds complex were degraded due to ASS, 
except Site 6. Table 1 shows a similar trend of variables between Site 6 that affected by free tidal 
inundation and the Control site (Site 7). This demonstrated the effect of tidal inundation on the 
improvement of geochemical condition such as: higher pH, reduce environment, lower organic 
content, and lower sulfur species. 
 
Table 1.  Sub layer sediment properties and porewater sulfide of the study area 
 
Site pH pHfox Eh LOI Water sol SO4 SKCl SPOS 
      (mV) (%) (%) (%) (%) 
1 6.11 + 0.43 3.64 + 0.77 90 + 117 25.16 + 9.94 0.11 + 0.10 0.67 + 0.50 2.09 + 0.52 
2 5.62 + 0.26 4.26 + 0.61  81 + 199 20.43 + 2.79 0.10 + 0.03 0.58 + 0.16 1.99 + 0.70 
3 5.26 + 0.56 3.79 + 0.35 123 + 121 24.14 + 6.05 0.07 + 0.05 0.56 + 0.52 1.07 + 0.72 
4 5.18 + 0.45 3.53 + 0.36 205 + 34 23.80 + 5.72 0.11 + 0.05 0.79 + 0.36 2.10 + 0.31 
5 6.02 + 0.47 5.17 + 0.76  37 + 27 28.30 + 0.89 0.09 + 0.02 0.55 + 0.19 1.90 + 0.39 
6 7.01 + 0.18 6.31 + 0.07 -83 + 134 8.79 + 2.38 0.03 + 0.02 0.27 + 0.05 0.99 + 0.40 
7 7.22 + 0.20 6.30 + 0.28 -139 + 67 7.12 + 0.24 0.05 + 0.01 0.28 + 0.04 1.38 + 0.22 
 
The density and relative growth rate of mangroves in abandoned ponds sites was lower than in the 
Control site (Table 2). The already existing seedlings in Sites 4,5,6,7 survived during three months 
examination period therefore the density values remain stable. While, replantation of six R. 
mucronata seedlings in Site 1, ended in low survival rate, where only two seedlings survived in the 
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 Table 2. The density, establishment, and growth of mangrove seedlings in the study area (n=42) 
Site Density (n/m) Establishment (%) Height (cm) RGR 
  Before After Before After Before After Addition   
1 1.00 + 0.00 0.33 + 0.52 100.00 + 0.00 33.33 + 51.64  90.83 + 7.55 91.83 + 7.88 1.00 + 1.55 0.0001 + 0.0002 
2 NA NA NA NA NA NA NA NA 
3 NA NA NA NA NA NA NA NA 
4 2.00 + 1.10 2.00 + 1.10 100.00 + 0.00 100.00 + 0.00 32.00 + 6.36 33.83 + 6.37 1.83 + 0.98 0.0006 + 0.0004 
5 4.67 + 4.32 4.67 + 4.32 100.00 + 0.00 100.00 + 0.00 27.00 + 2.53 29.50 + 3.02 2.50 + 1.05 0.0010 + 0.0004 
6 3.67 + 3.93 3.67 + 3.93 100.00 + 0.00 100.00 + 0.00 25.17 + 2.71 27.00 + 2.68 1.83 + 0.41 0.0008 + 0.0002 
7 7.33 + 3.33 7.33 + 3.33 100.00 + 0.00 100.00 + 0.00 35.92 + 4.48 39.17 + 4.07 3.25 + 1.17 0.0010 + 0.0004 
                  
 
The study area was dominated by silt/clay, particularly in Site 6 and 7. And, the color of sub layer 
sediments were commonly grey with combination of yellow or orange and organic matter in some 
sites. The average percentage of pyrite in sub sediments of Site 6 (3.26%) was different compared 
to the Control site (1.04%).  The average value of pyrite in sub sediments of Site 6 was closer to 
those in other sites in abandoned ponds complex (1.52 – 5.35%). The average pyrite percentages in 
surface sediments in site 6 was relatively lower (1.04%) and were between  the range of Control site 
value (0.61%) and other abandoned ponds area (1.32 – 3.11%). 
 
 
Fig. 2: The geochemical condition in the study area shown by the Principle Component Analysis. 
Numbers 1 to 7 represent Site numbers. 
 
 
In general, there are three groups of density, establishment, and growth in the study area (Fig. 2).  
The first group is Site 4, 5, 6, and 7 with high density, establishment, and growth values. The 
second group is Site 1 that has very low density and growth values. The third group, Site 2 and 3, 
has zero values of density, establishment, and growth due to no Rhizoporaceae occuring in these 
sites.  The first and second groups are recognized by their site location that influenced by water 
regime. The third group is recognized as a dry and water logged site (Site 2), with a small effect of 
inundation (Site 3). 
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 The higher values of density, establishment, and growth of mangrove seedlings in the study area are 
associated with freely drained areas with a higher pH (field and oxidisable), lower organic content, 
high proportion of silt/clay, and non-jarosite top sediments. Higher density and growth also 
correlated to lower redox potential. Sulfur species did not influence the density, establishment, and 
growth of the seedlings directly.  
 
Tidal seawater inundations at the sites for the first and second groups shifted the redox potential 
state to lower values from the previously oxidative environments. The degree of reducing 
environment was higher as the tidal inundation effect was higher. In this condition, sulfate reduction 
was produced through oxidation of organic matter [9]. The sulfate reduction consumed H+ thus 
increased pH [10]. Decomposition of jarosite may also occur in such conditions [11]. Low acid 
environments enabled mangrove seedlings to establish better in sites under the first group.  
 
The amount of pyrite at the top sediments in group 1 of abandoned ponds (Site 4, 5, and 6) are 
lower than at sub layer sediments, which is possibly caused by inundation washed up.  It also 
appears that the sulfide oxidizing to sulfate occurred in Site 6 in low levels only because of the level 
of water soluble sulfate and KCl extractable sulfur, which provides the major sulfate, compared to 
other abandoned ponds sites.  
 
The highest values of density, establishment, and growth of the Rhizoporaceae seedings occurred in 
Site 7 (Control) and Site 6. Inundation of abandoned ponds, which occur in Site 6 demonstrated 
improvement of sediment quality of the environment, which in turn provides a better environment 
for mangrove seedlings to establish. Broken dikes in Site 6 allow seawater to wash up the acid 
sulfate soils from this abandoned pond to cause higher pH and pHfox, low or organic content, as well 
as disappearance of jarosite due to reduce environment [11]. 
 
In addition, the availability of propagules from mature mangroves near the sites provided an 
advantage for mangrove seedlings to establish. High values of density and growth at the sites in the 
third group can be due to these sites being situated in environments that have, or are close to, 
mature mangrove stands, which supply propagules to the sites. High silt content at these sites also 
promotes a strong medium for seedlings to establish.  
 
Oxidative conditions occur in abandoned pond areas at Site 1, and particularly in the dry oxidative 
environment at Site 2 and 3. In these sites, under aerobic condition pyrite tends to oxidize and 
produce high concentration of sulfate and acid (sulfuric acid), which in turn decreases pH [11]. 
High concentration of organic matter in these areas provides sulfate to be adsorbed to organic 
matter as indicated by high percentages of total oxidisable sulfur that strongly correlated to organic 
content values (Table 3). Besides adsorption to organic matter, adsorption of sulfates onto hydrated 
Fe and Al oxide may also occur in these sites due to high levels of Al and Fe in the study area [12]. 
However, poor drainage particularly in the Site 2, leads to sulfate reduction, in sub layer sediments, 
and jarosite formation at the surface of sediment as a result of partial oxidation of the pyrite [11]. 
 
No seedlings were established at Sites 2 and 3 due to poor inundation which results in poor 
sediment quality as well as inhibiting propagules ability to enter the sites. The water flood in Site 2 
is mainly from rain water. As such there is an absence of seedlings. 
 
Site 1, which is located near Site 2 and 3, is furthest from the bay and does not have a mature 
mangrove stand nearby. Therefore Site 1 required replantation. During the three month evaluation 
period, two out of six R. mucronata seedlings replanted in this site were alive with poor 
development, indicating that the seedlings cannot easily establish in the area.  
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 Table 3. The Pearson correlation analysis of the physico and geochemical variables (n=42) 
 pH pHfox Eh LOI Wtrsol SO4  SKCl SP SPOS SiltClay 
pH 1 .788** -.730** -.609** -.488** -.576** -.434** -.276 .659** 
pHfox  1 -.731** -.613** -.505** -.597** -.464** -.305* .625** 
Eh   1 .565** .626** .645** .394** .190 -.574** 
LOI    1 .548** .608** .626** .517** -.564** 
Wtrsol SO4     1 .763** .622** .427** -.464** 
SKCl      1 .742** .447** -.559** 
SP       1 .931** -.432** 
SPOS        1 -.278 
SiltClay         1 
 
 
The physical and geochemical variables in the study area were strongly correlated (Table 3). Strong 
correlations between the values of organic content and all other physical and geochemical variables 
suggest that high organic content plays an important factor to form geochemical conditions in the 





In conclusion, free tidal inundation at abandoned pond sites improved the sediment quality. High 
values of density, establishment, and growth of mangrove seedlings were characterized by freely 
drained areas with a higher pH (field and oxidisable), lower organic content, and high proportion of 
silt/clay. Higher density and growth also correlated to reduced environments. Sulfur species did not 
influence the density, establishment, and growth of the seedlings directly. And, the supply of 
propagules from the mangrove stands, or access from good waterways were also important for 
seedlings to establish naturally.  
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